The DNA loop that represses transcription from the gal promoters is infrequently formed in stationary phase cells because the concentration of the loop architectural protein, HU, is significantly low at that state resulting in expression of the operon in the absence of the gal inducer, D-galactose. Unexpectedly, transcription from the gal promoters, under these conditions, overrides the physical block because of the presence of the Gal repressor (GalR) bound to an internal operator (O I ) located downstream of the promoters. We have shown here that although a stretch of pyrimidine residues (UUCU) in the RNA:DNA hybrid located immediately upstream of O I weaken the RNA-DNA hybrid and favors RNA polymerase (RNAP) pausing and backtracking, a stretch of purines (GAGAG) in the RNA present immediately upstream of the pause sequence in the hybrid acts as an anti-pause element by stabilizing the RNA:DNA duplex and preventing backtracking. This facilitates forward translocation of RNAP including overriding of the DNA-bound GalR barrier at O I . When the GAGAG sequence is separated from the pyrimidine sequence by a 5-bp DNA insertion, RNAP backtracking is favored from a weak hybrid to a more stable hybrid. RNAP backtracking is sensitive to Gre factors, D-galactose and antisense oligonucleotides. The ability of a native DNA sequence to override transcription elongation blocks in the gal operon uncovers a previously unknown way to regulate galactose metabolism in E. coli. It also explains the synthesis of gal enzymes in the absence of inducer for biosynthetic reactions.
Introduction
Although gene transcription is primarily regulated at the level of initiation of RNA synthesis, transcription is also regulated at the levels of elongation and termination. The galactose (gal) operon of Escherichia coli is transcribed from two overlapping promoters, P2 (transcription start point (tsp) as +1) and P1 (tsp as +6) (Figure 1(a) ), which are regulated by several transcription factors including Gal repressor (GalR). 1; 2; 3; 4; 5 GalR binding to its operators, O E at position −55. 5 and O I at position +58.5, in the presence of the histone-like protein, HU, and supercoiled DNA causes DNA looping due to DNA-bound GalR dimer-dimer interactions and represses transcription initiation from both P1 and P2. 4; 5; 6 In the absence of HU, GalR binding to O E stimulates P2 and represses P1 by promoting and inhibiting open complex formation, respectively. 7; 8; 9 In vivo, P2 is activated approximately 6-fold in the absence of HU. 6 Unexpectedly, GalR binding to O I , the internal operator located within the transcribed region, does not hinder transcription elongation in the absence of DNA looping. When the DNA sequence upstream of O I was interfered by a 5-bp insertion, GalR binding to O I blocked about 60% of the elongating RNA polymerase (RNAP), resulting in short transcripts in vitro 10 (Results shown below). We studied the nature of roadblock formation by O I -bound GalR and tested a series of mutant templates to determine what makes the wild type (wt) gal DNA resistant to roadblock during elongation. We found that RNAP pausing produces short transcripts transiently in the wild type but presistently in the mutant DNA. We also identified regulatory DNA sequences that potentiate or suppress RNAP backtracking, depending on their locations with respect to the nascent RNA 3' end, after encountering GalR.
Results

A 5-bp insertion in wt gal DNA inhibits gal transcription
Previously, we showed that the spatial relationship (113-bp) of both operators was critical for DNA looping repression. 10 We inserted a 5-bp (GATCT) sequence at position +37 of P2 transcription start point (tsp) to change the orientation of O I by 5-bp with respect to O E and this prevent DNA looping. We found that P2 was repressed in the absence of looping in this construct by an unknown mechanism. In this paper, we investigated this mode of repression. Figures 1(a) and (b) show DNA templates and result of 10 min transcription on wt gal template and a mutant template with a 5-bp (GATCT) sequence inserted 13-bp upstream of O I at position +37. A strong rho-independent transcription terminator, t rpoC , terminated P1 and P2 transcripts, resulting in 125-and 130-nt transcripts, respectively. 11 GalR repressed P1 and somewhat activated P2 in the wt DNA, as expected ( Figure 1(b), lanes 1, 2) . Surprisingly, in the 5-bp insertion template (Figure 1(a) , ∇5), P2 transcripts were reduced 2.8-fold by GalR (Figure 1(b) , lanes 3, 4) . This reduction of P2 activity was not due to DNA looping since both operators were out of phase by 5-bp and HU was absent from the reaction. 10 We found that the repression of P2 was accompanied by accumulation of short transcripts (lane 4). GalR blocked 60% of P2 transcription, generating short transcripts referred to as "road-blocked transcript" (RBT). RBT was observed on both supercoiled and linear templates containing the 5-bp insertion (data not shown).
Roadblock is promoter independent
The above results demonstrated RBT formation from P2 under conditions where P1 was repressed (Figure 1(b) ). We investigated whether GalR causes RBT from the P1 promoter. The O E sequence was mutated to a non-operator sequence in the P1 template to prevent GalR from repressing P1 (template P1 ∇5, see Materials and Methods). To study individual promoters, we also introduced base-changes to create templates with one or the other promoter mutated, P2 − P1 + or P2 + P1 − in ∇5 (see plasmids section in Materials and Methods; Figure 1(c), lanes  1, 3) . GalR blocked 76% full-length transcripts from P2 ∇5 and 64% from P1 ∇5 (lanes 2, 4).
The difference in RBT formation in Figure 1 (b) and (c) was due to a different GalR preparation used in the two reactions. In addition, we tested a DNA template in which the gal DNA segment containing the GATCT site was fused to a heterologous bacteriophage T7A1 promoter at position +24 (T7A1 ∇5) as indicated in Figure 1(a) . The O I -bound GalR blocked 63% of T7A1 transcription (Figure 1(d) ), demonstrating that roadblock formation was independent of the promoter and dependent on the insert-containing gal sequence from +24 to O I . The amount of RBT formation observed in our in vitro conditions is unlikely to be affected by multiple rounds of transcriptions. First, only 2 rounds of transcription were observed in the absence of heparin ( Figure S1 , compare full-length P2 in lanes 1 and 3). Second, almost the same amount of RBT, 89% and 83%, were observed in the presence and absence of heparin, respectively ( Figure S1, lanes 2, 4) .
Mapping of the 5' and 3' ends of RBT
To map the 5' end of RBT, unlabeled RBTs were isolated from an in vitro transcription reaction performed with the P2 ∇5 template and used in reverse transcriptase assays with a primer annealing to the RNA region from +22 to +37 (Figure 2(a) , lane 5). The same primer was used to sequence the template DNA strand, which is complimentary to the nontemplate strand ( lanes  1-4) . The results showed that RBT from P2 ∇5 originated at the normal tsp of wt P2 (+1).
To determine the 3' end of RBT, the terminating substrates 3'-O-methylcytosine 5'-triphosphate, 3'-O-methylguanine 5'-triphosphate and 3'-O-methyluridine 5'-triphosphate were used in a transcription reaction on the P1 ∇5 template in the absence of GalR to generate an RNA size ladder (Figure 2 Therefore, the actual length of RBT was 47-ntThe result confirmed that the 3' end of RBT was mapped at position +47U. In what follows, we report detailed studies on the mechanisms of RBT formation mostly using the2 ∇5 DNA template. Figure 1 shows that RBT formation on templates containing the 5-bp insertion required GalR. To confirm that the binding of GalR to O I is responsible for RBT formation, the O I sequence was mutated to a non-operator sequence to prevent GalR from binding to it. Indeed, while 64% RBT was observed on O I + template (Figure 3 (a), lanes 1, 2), there was no reduction of fulllength transcripts from P2 and the formation of RBT on O I − template (lanes 3, 4), indicating that the binding of GalR to O I is necessary for RBT formation.
Requirement of the GalR-O I complex for RBT formation
RBT formation is due to a paused RNAP complex
The formation of RBT could be due to a paused, irreversibly arrested or released RNAP. 12; 13; 14 To discriminate between these models, D-galactose that dissociates GalR from O I was added to the roadblocked elongation complex (EC). Removal of GalR from DNA is not expected to have any effect on an irreversibly inactivated or a released complex. If the inactivation were intrinsically reversible, GalR removal from O I would cause the paused EC to resume elongation and synthesize full-length transcripts. 
Enhancement of an intrinsic pause helps RBT formation
To understand why RBT was detected only on the templates containing the GATCT insert, we compared the kinetic behavior of RNAP as it approaches O I -bound GalR on the P2 and P2 ∇5 templates. Figure 3 (c) shows that at 30 sec the same fraction of RBT were made on both templates. On the wild type template, the RBT fraction diminished rapidly with a half-life of 5 min, being converted to full-length transcripts. In contrast, on the P2∇5 template, the amount of RBT decreased slowly and was detectable even after 90 min of incubation. We observed that RNAP tends to pause 8-bp upstream from O I both in P2 and P2∇5 templates at the +44 -UUCU-+47 RNA sequence. Whereas, the pause is very brief in P2, RNAP needs longer time to overcome the pause in P2∇5. This suggests that certain element(s) of the wild type sequence which help RNAP escapes from the pause state is altered by the 5-bp insertion.
Next, we compared the kinetics of transcription on the two templates in the absence of GalR (Figure 3(d) ). To enhance pausing, we limited the concentration of GTP, the next base after the pause site +44 -UUCUG-+48 , to 1 µM, but kept the other NTPs at 100 µM. The paused transcripts occurred at the same position on the templates where RBT were formed in the presence of GalR. Furthermore, the pause was much longer in the P2 ∇5 template than in P2 template (lanes 2-7) in agreement with the results shown in Figure 3 (c), confirming that an intrinsic pause site in gal DNA was intensified by the 5-bp insertion. The presence of GalR at O I makes the latter pause generate much higher level of RBT as shown in Figure 1 (b).
Antisense oligonucleotides suppress roadblock
It was shown previously that when a Lac operator was placed at an internal position of a transcription unit, Lac repressor bound to it, stopped elongating RNAP and caused reversible backtracking of the enzyme. 15 During RNAP backtracking after a pause, the catalytic center of RNAP disengages from the 3' end of the transcript causing inactivation of EC. The enzyme, together with the transcription bubble and the RNA:DNA hybrid, relocates upstream along the DNA and RNA. 16 The backtracked complex is transcriptionally inactive (arrested complex). Such an arrested complex is reactivated either spontaneously by the return of RNAP to the original position or by the action of GreB protein (see below). 16; 17 It was shown previously that a U-rich RNA sequence, which forms a weak RNA:DNA hybrid, favors backtracking. 17; 18; 19 In the active complex, but not in the backtracked one, the rear edge of RNAP extends to about 14-nt of RNA upstream of the 3' end of RNA. 20 The annealing of short oligonucleotides to nascent RNA 14-16 nt from the 3' end of the transcripts prevents RNAP from backtracking and stabilizes the 3' end of the transcript in the catalytic center of RNAP. 15; 16; 18 This action of oligonucleotides suppresses RBT if the latter is indeed caused by backtracking.
Figure 4(a) shows the results of transcription on P2∇5 template in the presence of GalR and antisense oligonucleotides. Oligo-24, which anneal to the nascent RNA at a distance of 24-nt upstream from the 3' end of RBT, had no effect on roadblock formation (lanes 2,3). Oligo-18 had marginal effect (lane 4). Oligo-12, which anneals to the RNA immediately behind RNAP, suppressed RBT (lane 5), indicating that RBT in gal may originate from RNAP backtracking. Oligo-6 had no effect on RBT probably because it did not hybridize to the RNA since its target sequence was covered by RNAP (lane 6). Another factor potentially capable of preventing backtracking, a strong secondary structure formed by nascent RNA immediately behind RNAP, was not observed in the gal sequence; the mfold program did not generate any stable structure for gal RNA from +1 to +37-nt, which represents the region of the transcript upstream of RNAP at the pause site encountering GalR. 21
GreA and GreB effect on RBT
GreA and GreB are transcription factors known to influence elongation by inducing an endoribonuclease activity of RNAP catalytic center. 22; 23; 24; 25; 26; 27 GreB cleaves off both short (2-nt) and long (up to 24-nt) 3' proximal RNA fragments in backtracked ECs since in these complexes the catalytic center of the enzyme is aligned with an internal position of the RNA. 23; 28 The cleavage rescues arrested complexes by generating a new 3' RNA end in the catalytic center. 22; 23; 29 Unlike GreB, GreA cleaves off only short (2-3 nt) RNA fragments and only in active ECs that briefly travel in the reverse direction by 2-3 nt. To test whether GreA and/or GreB affect RBT, the factors were added at 50 nM concentration to the transcription assays before RBT was formed. Figure 4 (b) shows that GreA suppressed RBT formation slightly in the P2∇5 template (lanes 2, 3) while GreB suppressed it completely by converting RBT to full-length transcripts (lanes 2, 4). Since the dissociation constant (Kd) for GreA is in the range of 800-1000 nM, and that for GreB is approximately 80-100 nM, 25 30; 31; 32 we also used 800 nM GreA and 80 nM GreB in other reactions to test whether the low level of GreA (50 nM) was responsibled for the partial suppression of RBT. We obtained similar result (data not shown). The sensitivity of the nascent RNA to GreB and partial resistance to GreA cleavage strongly supports the idea that RNAP backtracks along the DNA after it encounters the O I -bound GalR.
To determine the distance of RNAP backtracking, the roadblocked EC at P2∇5 was purified from NTPs by using RNA spin columns before the addition of Gre factors. The removal of NTPs prevents elongation of the cleaved products. While GreA did not show much RBT cleavage ( 
The transcription bubble in the roadblocked complex
We mapped the "transcription bubble" in the roadblocked EC by using potassium permanganate (KMnO 4 ), which oxidizes distorted, unpaired, thymidine nucleotides. 33; 34 Taq DNA polymerase is unable to read through the oxidized nucleotides, which allows detecting them in the modified templates by PCR amplification. 33 KMnO 4 was added to the P2∇5 DNA in the presence of GalR and RNAP with or without NTPs. In the absence of NTPs, −2 to +4 region on the nontemplate strand and −11 to −8 region on the template strand were modified by KMnO 4 revealing open complex formation ( Figure 5, lanes 1, 7) . In the presence of NTPs, the bubble translocated downstream from the initiation site toward the termination site as shown by the reduction of the signal around the −11 to +4 region (lanes 2, 8). Incidentally, the residual open complexes found at the promoter region in the presence of NTPs may reflect the nonproductive complexes described previously. 35 KMnO 4 -sensitive sites were found from +30 to +42 on the nontemplate strand (lane 2) and from +28 to +32 on the template strand (lane 8). The 3' end of RBT is located at position +47 on the P2 ∇5 transcription unit. Given the location of the EC, the transcription bubble with a typical size of 12-13 nt 36 would have spread between +35 and +48 positions with a strong KMnO 4 cleavage signal from T residues in the +44 to + 47 segment of the nontemplate strand. We did not detect such a signal (lane 2), but observed a 15-nt long transcription bubble spreading between +28 and +42 positions. The increased length and upstream boundary of the transcription bubble is in agreement with the idea that in the roadblocked complex, RNAP backtracks by up to 7-nt. We think that in the roadblocked complex, RNAP oscillates between the stalled position and a location 4-or 7-nt upstream. Oscillation by a backtracked RNAP has been reported previously. 17
Presence of anti-pause sequence element in gal DNA As discussed above, the 5-bp insertion alters an intrinsic anti-pause signal encoded in wt gal sequence, around position +37. This model predicts that other changes in this region (antipause DNA element) would also generate RBT. To test this hypothesis, we investigated whether deleting 5-bp (from + 36 to +41) of the wt DNA (P2Δ5) enhances RBT formation as P2∇5 does. Whereas the full-length transcripts were unaffected by GalR with no observation of RBT in the wild type P2 template (Figure 6(a), lanes 1, 2) , 47% of transcription was blocked by O I -bound GalR in the P2Δ5 DNA (lanes 3, 4). The RBT observed in P2Δ5 DNA was 10-nt shorter than that observed in P2∇5 DNA (data not shown), indicating that RNAP paused at the identical position in both cases. This suggests that it is not the sequence of the 5-bp insertion or deletion, but rather an alteration of an "anti-pause" sequence encoded around the +37 region in wild type gal that is responsible for RBT formation by an arresting RNAP. In addition, the specific sequence around position +37 instead of RNA length makes RNAP pause on the insertion-containing templates.
Location of the anti-pause element
To map the element(s) in the wt gal that prevents arrest of RNAP, we scanned the DNA by inserting the 5-bp (GATCT) sequence at five other positions (+14, +28, +32, +35 and +47) ( Figure 6(b) ). In the presence of GalR, (i) insertions at +14 (∇5A) and +28 (∇5B) sites did not generate any RBT (lanes 1-6), (ii) insertions at +32 (∇5C) and +35 (∇5D) generated 11% of RBT (lanes 7-10), and (iii) insertions at +37 (∇5) and +47 (∇5F) generated 42% and 54% of RBT, respectively (lanes [11] [12] [13] [14] . These data show that the insertion has to be in close proximity to O I in order to generate substantial amount of RBT. Interestingly, RBT observed with the insertion at +47 was 1-2 nt longer than that observed with the insertion at +37 (lanes 12 vs 14). Perhaps, the sequence context around the pause site determines the exact 3' end of RBT.
In the +37 (∇5) case, the 3' end is located at position +47 (∇5F) between T and G (gagagatctgttctgg); however in the +47 case, the 3' end is located at position +48 between G and A or at position +49 between A and T (gagagttctggttagatctcc).
To further localize the proposed anti-pause signal of wild type gal, we inserted a TGAGA sequence at the same +37 site of P2 (Figure 7 (a), designated P2 ∇5G). The new template, despite the insertion, preserved the same 10-bp sequence ( +37 -TGAGAGTTCT-+47 ) upstream of the RBT 3' end as in the wild type template; the sequence farther upstream was different. The TGAGA insertion shows significantly less RBT (16%) compared to the GATCT insertion (62% RBT) (Figure 7(b), lanes 2, 4) , showing that the 10-bp sequence favors RNA polymerase elongation. We also tested the effect of a 10-bp sequence (AATTATGAGA) at position +37 (P2 ∇10C), which preserves the 15-bp sequence upstream of the RBT 3' end ( +37 -AATTATGAGAGTTCT-+52 ). The latter sequence completely prevented RBT formation (lanes 5, 6). These results indicate that the anti-pause signal is located within the sequence 15-bp upstream of RBT 3' end.
Role of RNA:DNA hybrid in RNAP pausing
We investigated the mechanism by which an anti-pause element identified above prevents RBT by applying a computational approach. Our objective was to understand how the presence of the anti-pause element makes RNAP favors transcription elongation or the absence of it makes RNAP favors pausing (backtracking) at the UUCU pause site. RNA:DNA hybrid is the major determinant of lateral stability of the EC that determines forward (elongation) or backward (backtracking) movement of RNAP. 16; 18 The hybrid is believed to be 8-9 bp long. 37; 38
For a number of templates (Table 1) , we calculated the predicted ΔG°3 7 of 9-bp long RNA:DNA hybrid 39 in the EC at the pause site and the site backtracked by 4-and 7-nt. In wild type gal sequence, ΔG of RNA:DNA hybrid in the EC at the pause site is −6.8 kcal mol −1 , and in the complex backtracked by 4-and 7-nt, ΔG is −6.4 and −4.7 kcal mol −1 , respectively (Table 1 , line 1). This difference in energy makes backtracking by 4-or 7-nt unfavorable. In the GATCT (∇5) insertion, ΔG of RNA:DNA hybrid at the pause site is −5.5 kcal mol −1 , and in the complex backtracked by 4-nt and 7-nt, the corresponding ΔG becomes −8.0 and −7.8 kcal mol −1 , respectively (line 11). The latter energy distribution makes backtracking by 4-or 7-nt favorable in ∇5. Consistently, we observed no RBT in the first case, and 60% RBT in the second case. Table 1 shows that with a few exceptions (lines [19] [20] [21] [22] , when the RNA:DNA hybrid is more stable at the pause site than at the backtracked site, elongation is favored with RNAP overcoming the roadblock as well (lines 1-6). Conversely, when the hybrid is less stable at the pause site than at the backtracked site, backtracking and RBT formation are favored (lines 7-18).
It appears that a purine rich (GAGAG) sequence is an important factor in determining the stability of the hybrid and therefore the location of the RNAP. The GATCT insertion at +37 in effect shifts the GAGAG sequence 5-bp upstream and makes it a part of the hybrid in the backtracked EC. Next we changed the Gs to Ts in this sequence to decrease the stability of the upstream hybrid and study their effects on RBT ( Figures 7(c) ; Table 1 , lines 6, 9, 10). The RBT decreased from 57% to 33% on the 34T template (Figures 7(c) , lanes 1-4; Table 1 , line 10), to 20% on the 36T template (lanes 5, 6; line 9), and was eliminated on the 34T36T template (lanes 7, 8; line 6). This result is consistent with the idea that the stability of RNA:DNA hybrid determines whether or not RNAP reads through the GalR roadblock.
Discussion
In the absence of an inducer, the gal operon is partially derepressed when the cells are in stationary phase because of a 4-fold reduction of HU levels that decreases the chance of DNA looping. 40 In the absence of HU, P2 transcripts are derepressed 6-fold in vivo. 6 Previous studies showed that a stable O I -bound GalR complex does not block an elongating RNAP in gal. 6; 8 Since the enzymes of the gal operon are needed for biosynthetic gylcosylation reactions, it is important that gal enzymes are made in the absence of D-galactose, and O Ibound GalR complex does not block transcription elongation at the internal operator. The latter results were unexpected given that in several cases a strong DNA binding protein placed in the transcribed region produces RBT. 41 Our current results confirmed that the O I -bound GalR does not block transcription from the gal promoters in vitro. Our finding that an intrinsic sequence arrangement in gal overcomes the barrier explains the mechanism of gal transcription in the absence of inducer during stationary phase. Although encounter with GalR causes a detectable pause of EC on wild type gal DNA, transcription is not blocked. The ability of wild type sequence to support transcription through DNA-bound GalR is easily compromised by mutations immediate upstream of O I leading to the formation of stable roadblocked complex.
RBT formation on mutant templates containing a 5-bp insertion (13-nt upstream of O I ) is inhibited by GreB and partially by GreA, as well as by oligonucleotides complementary to the transcript upstream of RNAP. These results, together with KMnO 4 footprinting of the transcription bubble, show that the EC roadblocked by GalR backtracks along the RNA and DNA by 4-to 7-nt, carrying the catalytic center of the enzyme to an internal position of the transcript, and inhibiting RNA elongation. Occasionally, RNAP returns to the original location and can regain its ability to transcribe DNA when GalR is either removed by D-galactose or spontaneously dissociated from O I . In the roadblocked complex, RNAP stops just 8-bp upstream of O I . This is a remarkably short distance, since, according to hydroxyl radical footprinting and to X-ray crystallography of the EC, RNAP covers at least 13-bp of DNA downstream from the catalytic center. 36; 42 GalR was shown to cover an extra 3-bp on either side of the O I sequence, 4; 43 suggesting that RNAP transcribes at least 8-bp against an opposing force. Using yeast RNAP II as a model, it was recently shown that the return of the backtracked complex to the 3' end of the transcript can be prevented by a lower opposing force compared to the force required to stop RNAP during normal elongation. 44 The addition of the TFIIS cleavage factor, a GreB homologue, substantially increased the ability of the enzyme to transcribe against the applied force. 44 These results argue that the ability of RNAP to spontaneously overcome an obstacle is impaired. This correlates with our observation that although RNAP initially pauses in both wild type and ∇5 templates as it collides with GalR, it is the ability to escape from the pause in the wild type that can be impaired by mutations describes above.
We argue that the relative strength of the regional RNA:DNA hybrid affects the fate of RNAP in wild type and mutant templates. In both templates, four 3' proximal nucleotides in RNA (UUCU) weakly pair with the template thereby favoring backtracking (Figure 8 ). Since rPy:dPu base pairs are weaker than dPy:dPu base pairs, 45 the re-formation of DNA duplex in front of a backtracked RNAP is favorable at the UUCU pause sequence. These properties of 3'-proximal sequence favor pausing of RNA polymerase in both wild type and ∇5 templates ( Figure 8 ). However, in wild type DNA, these properties are counteracted by strong base pairing of the purine rich (GAGAG) sequence in this upstream part of the RNA:DNA hybrid before backtracking, and by weak base pairing of the AAUUAU sequence (rAU) in the upstream part of the backtracked RNA:DNA hybrid ( Figure 8 , a1 and a2). Note, that the GAGAG sequence produces rPu:dPy pairs, which are stronger than dPu:dPy. 45 We believe that these properties of the wild type sequence make the backtracked location of the RNA-DNA hybrid unfavorable for RNAP, and help RNAP escape the pause. The inserted GATCT sequence weakens the upstream part of RNA:DNA hybrid at the original location of the EC and re-locates the strong GAGAG containing hybrid in the upstream segment of the backtracked hybrid making the latter location preferable for RNAP in the mutant template ( Figure 8, b1 and b2) . Therefore, in the ∇5 template RNA polymerase stays longer at the upstream location in the absence of GalR and cannot escape the roadblock in the presence of GalR bound to O I .
In summary, we have identified a new anti-pause element, GAGAG, located 12-bp upstream of O I , which has a dual role in modulating RNAP elongation. When the GA-rich sequence is located immediately upstream of the pause site, UUCU, it stabilizes the RNA:DNA hybrid, favors elongation and overrides operator bound GalR. In contrast, when the GA-rich is shifted 5-bp upstream of the pause site, elongating RNAP pause and backtrack. The GA-rich sequence stabilizes the backtracked hybrid causing failure of RNAP to override the operator-bound GalR.
Materials and Methods
Reagents
All restriction endonucleases and alkaline phosphatase were purchased from New England 
Plasmids
The plasmids used in this study are listed in Table 2 
In vitro transcription assays
In vitro transcription reactions were performed as described. 11 Briefly, supercoiled DNA templates (2-4 nM) and RNAP (20 nM) were preincubated at 37°C for 5 min in transcription buffer (20 mM Tris acetate, 10 mM magnesium acetate, 200 mM potassium glutamate) supplemented with 1 mM DTT, 1 mM ATP, 0.8 U rRNasin® in a total reaction volume of 50 µl. When used, 200 nM GalR was present unless indicated otherwise. To initiate transcription, NTPs were added to a final concentration of 0.1 mM GTP, 0.1 mM CTP, 0.01 mM UTP and 5 µCi [α-32 P]UTP (3000 Ci/mmol) unless indicated otherwise. The reactions were incubated for an additional 10 min before terminated by the addition of an equal volume (50 µl) of loading dye (90% formamide, 10 mM EDTA, 0.1% xylene cyanol and 0.1% bromophenol blue). Transcripts were separated on 8% polyacrylamide sequencing gels. The RNAI transcripts driven by GalR independent promoter present in the plasmids (108-nt) were used as internal controls to quantify the relative amount of gal transcripts. 51 The P1 and P2 full-length transcripts contain 36 and 39 U residues, respectively. The roadblock transcripts (RBT) from P1 and P2 contain 12 and 15Us, respectively. In mutant templates, number of Us depended on the sequence. To calculate the percentage of RBT that was blocked by O I -bound GalR, fulllength and RBT were normalized to the RNAI transcripts and corrected for U content according to the formula %RBT = B/(A+B) × 100, where A=area of full-length/(area of RNAI × number of Us in full-length) and B= area of RBT/(area of RNAI × number of Us in RBT). When GTP was used as a labeled nucleotide (experiments of Figure 3(c) & (d) ), RBT was corrected for G content.
Use of antisense oligonucleotides
In vitro transcription assays were conducted as described except that 50 µM oligonucleotides were present during 5 min preincubation at 37°C before NTPs were added to initiate transcription.
GreA and GreB induced cleavage
To study the effect of GreA and GreB on RBT, the transcription assays were performed in the presence of GalR and Gre factors. GreA and GreB were used in the amounts discussed in the text.
To study the cleavage pattern of nascent transcripts by RNAP in the presence of GreA or GreB, NTPs were removed from the roadblock reactions by using RNA mini quick spin columns (Roche Applied Science). Next, GreA or GreB was added as described above and the cleavage pattern of the RNA was detected on a 24 % sequencing gel (19:1).
Mapping of the 5' ends of RBT
In vitro transcription assays were carried out as described above using cold UTP for the experimental reactions and labeled [α-32 P]UTP for the control experiments. Unlabeled RBT were excised from a 10% sequencing gel using labeled RBT as a marker. The RNA was eluted from the gel slice as outlined for the Electro-elutor (Model 422-BioRad). The eluted RNA was concentrated on a speed vacuum centrifuge. Next, an equal volume of phenol/chloroform/ isoamyl alcohol (25:24:1) was added to the RNA. The aqueous layer (RNA) was removed and loaded on an RNA mini quick spin column. Primer extension of the RNA was performed according to the protocol for AMV reverse transcriptase (Promega) using [γ-32 P] labeled primer (5'-TCTCATAATTCGCTCC-3'), which mapped from +37 to +22. The DNA was sequenced by PCR using the same primer according to the protocol for fmol® DNA cycle sequencing (Promega).
Mapping of the 3' ends of RBT with 3-O-methylguanosine
RBT of P1 was obtained as described on supercoiled template in the presence of GalR. Linear DNA template (355-bp) generated by PCR from P1∇5 plasmid was used to map the 3' ends of RBT as described. 11 Cyclic AMP receptor protein (CRP, 50 nM) and cAMP (100 µM) were added to the transcription reaction to maximize the strength of P1 promoter (in the absence of cAMP-CRP complex, P1 activity on linear template is very weak). To generate a ladder of nucleotides, transcription was carried out for 10 min in the presence of 0.25 µM 3-Omethylcytosine-5'-triphosphate, 3-O-methylguanosine-5'-triphosphate or 3-Omethyluridine-5'-triphosphate containing 1.0 mM ATP, 0.01 mM UTP and 0.1 mM GTP and CTP. Products of the reactions were separated on a 12% polyacrylamide sequencing gel.
The 3' end of RBT was also mapped by mobilizing histagged RNAP (0.12 µg) on Ni-NTAagarose and walking along the DNA (1 µg) as described 16; 17 . Stable complex was stalled at position 12 (EC12) after initiating with 1mM CUAU (a tetraribonucleotide primer), 50 µM ATP and GTP at 37°C for 5 min. Complexes were washed 3-5 times in 1 ml transcription buffer, TB (20 mM Tris-HCl, pH 7.9, 40 mM KC, 5 mM MgCl 2 and 1 mM β-mercaptoethanol. The RNA was labeled at EC13 with 3 µl of [α-32 P]CTP (3000 Ci/mmol) and incubated at room temperature for 5 min. The complexes were washed as above and a subset of NTPs (5 µM) was added to walk RNAP to the desire position; the process of walking and washing were repeated.
Mapping of transcription bubble by KMnO 4 footprinting
The sequences of wt and P2∇5DNA templates for the potassium permanganate (KMnO 4 ) assay were determined according to the fmol® DNA cycle sequencing system protocol (Promega). The non-template stand was sequenced using [γ-32 P]XbaI-5 primer (5'-TCAACGGAGCTCGTCG-3'), which mapped from −108 to −93. The template strand was sequenced using [γ-32 P]BamHI-10 primer (5'-GCGGATCCCTAAACTC-3'), which mapped from +161 to +141. Approximately 10 µg/µl DNA was sequenced using "profile 1" from fmol® DNA cycle sequencing system protocol. The KMnO 4 footprinting was performed as described. 33; 52 In vitro transcription assays were performed as described above with 10 nM supercoiled DNA. At the end of the transcription reactions, 10 mM KMnO 4 was added for 2-3 min at 37°C. The reactions were quenched with β-mercaptoethanol (0.5 M). An equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added to the reactions, which were heated at 80°C for 2 min before chilling on ice. Next, the reactions were centrifuged for 1 min before the aqueous DNA layers were transferred to DNA mini quick spin columns. For primer extension assay, 18 µl DNA, 20 µl PCR Master mix (Promega) and 2 µl (2 pmoles) [γ-32 P] BamHI-10 or [γ-32 P]XbaI-5 primers were used to amplify the product using the fmol® DNA cycle sequencing. The products were analyzed on an 8% sequencing gel.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. , 7) of NTPs. Reactions were treated with KMnO 4 . DNA was purified and amplified using primer complementary to either the nontemplate (a) or template (b) strand. The same primers were used for sequencing the nontemplate (lanes 3-6) and template (9-12) strands. Note that in the lanes marked C, T, A and G reflect sequencing reactions using dideoxy G, A, T and C, respectively. Arrows on the left of the gels indicate the sites sensitive to KMnO 4 . (c) The sequence of the P2∇5 DNA shows KMnO 4 -sensitive residues in bold. The RNA:DNA hybrid at the pause site (a1) and site backtracked by 7-nt (a2) in wild type DNA. The figures show a 9-bp hybrid. The red star represents the base at the catalytic center of RNAP. (a1) When the purine rich sequence (GAGAG) is immediately upstream of the pyrimidine rich sequence (UUCU) as in wild type DNA, the hybrid maintained the 3' end of the RNA in the catalytic center due to a strong RNA:DNA hybrid (red) and favors elongation. (a2) The upstream pyrimidine sequence (AAUUAU) counteracts backtracking of RNAP in wild type DNA due to a weak RNA:DNA hybrid (blue). The solid arrow indicates that RNAP would remain more at the strong hybrid instead of the weak hybrid. The broken arrow signifies the opposite. (b1) and (b2) When a 5-bp (GATCT) DNA separated the GAGAG site from the UUCU pause site, RNAP backtracks from a weak hybrid (blue) to a stable hybrid (red), favoring RNAP arrest as indicated by the blocking of elongation by the red X. Table 1 Calculations of predicted ΔG 37 of 9-bp RNA:DNA hybrid. RNA sequence comparison of wt and mutant templates upstream of the 3' end of RBT. Predicted ΔG 37 of RNA:DNA hybrid at pause sites and sites backtracked by 4-and 7-nt. The percentage of RBT for each template is shown. The pyrimidine-rich pause site (UUCU) and the upstream AU-rich (AAUUAU) sequence are outlined in blue, purine-rich (GAGAG) is in red. Gs to Us changes are in green. All sequences that were analyzed contain a UUCU sequence at the 3' end of the hybrid. The AU-rich sequence placed upstream of the hybrid does not alter backtracking from such a RNA:DNA hybrid. The GAGAG sequence strengthens the hybrid at the pause site in the wild type as an anti-pause element, promoting RNAP elongation. When a 5-bp is inserted between the GAGAG site and the pause site, RNAP backtracked from a weak hybrid to a stable hybrid, and hinders elongation.
